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Abstract 
This investigation studies the interactions between various nitroaromatic high energy 
density materials (HEDMs) and a pair of silver atoms (Ag2). Additionally, we examine the 
changes in frequency, infrared (IR) intensities, and Raman activities induced by the Ag2 
unit as the complexes form. Full geometry optimizations of the isolated HEDM molecules 
as well as complexes where Ag2 is bound to various argyrophillic sites of these compounds 
have been carried out along with the corresponding harmonic vibrational frequency 
computations using the M06-2X density functional with a correlation consistent triple-ζ 
basis set augmented with diffuse functions on all atoms and a relativistic pseudopotential 
for Ag atoms (i.e., aug-cc-pVTZ for H, C, N, O and aug-cc-pVTZ-PP for Ag; denoted 
aVTZ). Multiple binding motifs with silver were found for each HEDM. These results have 
been compared to those for the isolated molecules to examine changes in the vibrational 
frequencies, IR intensities, and Raman activities that occur upon complexation, and this 
information can be used to help discriminate between the different binding sites. The 
results of this study may lead to a better understanding and interpretation of surface-
enhanced Raman spectroscopy (SERS) experiments on nitrobenzenes and potentially 
relative HEDMs by offering insight into the interactions between nitrobenzenes and silver 
at the molecular level. 
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1 Background  
 
1.1 High Energy Density Materials  
High energy density materials (HEDMs) store large amounts of energy within 
compact chemical structures. HEDMs derive the majority of this energy in three common 
ways: oxidation of a carbon backbone, presence of substantial ring or cage strain, or a 
significantly high positive heat of formation. The first category includes nitroaromatic 
compounds that are commonly used as explosives [1, 2]. An explosive compound, when 
subjected to an outside force, such as heat, friction, or electrical or mechanical shock, 
undergoes a rapid decomposition process releasing its stored energy as heat and producing 
large amounts of gas molecules [3, 4].  The fast rate of expansion of these gas molecules 
produces the high pressure surge, known as a shock wave, which is associated with 
explosions [2, 5].   
Explosives can be classified based on either their expansion rate or on their 
application. High explosives have a faster decomposition rate than low explosives which 
are commonly used as propellants [5, 6]. Most explosive compounds are made up of 
carbon, hydrogen, oxygen, and nitrogen.  High explosives usually consist of more nitrogen 
and oxygen then carbon and hydrogen [2, 7]. High explosives can then be broken down 
into either primary or secondary explosives. Primary explosives are kinetically unstable 
and are usually utilized to trigger the decomposition of a secondary explosive [5].  
Upon detonation secondary explosives can undergo a high-order or low-order 
detonation. High-order detonations, or complete detonations, result in only small amounts 
of components of the explosive compound being thrown into the environment. Low-order 
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detonations, or incomplete detonations, result in portions of the explosive material itself 
being distributed into the surrounding environment. These incomplete detonations can 
cause explosive material to contaminate the surrounding environment specifically the soil 
surrounding the site of the explosion [8]. Nitroaromatic compounds are toxic, carcinogenic 
environmental pollutants [9]. Trinitrotoluene (TNT) is one of the most common explosives 
found in soil.  Within the U.S there is estimated to be hundreds of sites at which the soil is 
contaminated with explosives. Europe and Asia are thought to have even more widespread 
contamination [10]. It is important to be able to detect any remnants of explosive material 
that may be present in soil, even if only trace amounts are present, so that it can be safely 
remediated [11].  
The explosive compounds investigated in this study are nitroaromatic derivatives 
of TNT and potential by-products of TNT decomposition [12]. Nitrobenzene (NB), 
dinitrobenzene (DNB), and trinitrobenzene (TNB) are nitroaromatic secondary explosives 
that undergo an oxidative decomposition process and are commonly used for commercial 
and military applications [1, 6].  
 
Figure 1. Structures of NB (left with C2v symmetry), DNB (middle with C2v symmetry), 
and TNB (right with D3h symmetry).  
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1.2 Vibrational Spectroscopy 
 
The vibrational energy of a molecule is quantized. The simplest representation of 
this concept is the harmonic oscillator approximation shown in Figure 2. For a diatomic 
molecule with a single vibrational mode, the energy of the compound varies depending on 
the distance between the two atoms. When the bond is compressed or stretched the energy 
of the compound increases significantly. This approximation works well for low 
vibrational quantum numbers, but it becomes unreliable for high energy vibrational states 
and does not account for bond disassociation. The vibrational energy for each vibrational 
level is equal to the function of the frequency at that level which is detailed further in Figure 
3.  
 
 
 
 
 
 
 
 
 
 
Figure 2. Harmonic oscillator approximation of a diatomic compound’s vibrational 
motion of its bond. The vibrational levels are equally spaced and indicated to the right 
of the curve. The curve represents the change in energy that occurs when the bond is 
compressed and stretched during this vibrational motion.  
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Spectroscopic methods investigate the interaction of matter and light. For 
vibrational motion, the wavelength of the electromagnetic radiation corresponds to a peak 
in the spectrum must match the change in energy between two vibrational levels. These 
transitions usually occur in the IR region of the electromagnetic spectrum and can be 
investigated using IR absorption or Raman scattering. The wavelength of this 
electromagnetic radiation and the subsequent vibrational motion it corresponds to is the 
same for both vibrational spectroscopic techniques of Infrared (IR) and Raman. These two 
techniques differ in the way that light interacts with the molecule. These vibrational 
spectroscopic techniques are able to discern molecular structure and interaction with a high 
degree of selectivity due to the spectral signature known as an IR or Raman fingerprint that 
is unique to each compound [13]. These fingerprint spectra can then be used in 
identification making these techniques powerful analytical tools [3].  
 
1.2.1 Infrared Spectroscopy 
IR spectroscopy studies the interaction of infrared light and a molecule, specifically 
the absorbance of the electromagnetic radiation by the compound. This is displayed in 
Figure 3. The wavelength of energy that is absorbed corresponds to a vibration specific to 
a certain chemical bond, torsion, etc. that is present in the sample. The IR spectrum of a 
molecule displays absorption bands created by these bond vibrations. The intensity of these 
bands is dependent on the number of that type of bond present and the magnitude of the 
change in dipole moment that occurs [13].   
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1.2.2 Raman Spectroscopy  
Instead of absorption, Raman spectroscopy measures the scattering of light. 
Scattered light can be classified in three ways: Rayleigh scattering, Stokes scattering, or 
anti-Stokes scattering.  
 
 
 
 
 
 
There is no energy change between the molecule and light in Rayleigh scattering. 
In Stokes scattering the incident photon has a higher energy than the scattered photon, 
while in anti-Stokes the incident photon has a lower energy than the scattered photon. 
Stokes scattering results in a red shift or a decrease in frequency while anti-Stokes 
scattering results in a blue shift or an increase in frequency. These shifts are displayed in 
Figure 3 by using colors to indicate the corresponding wavelength of the light and how it 
changes depending on the type of scattering. Stokes scattering occurs more often than anti-
Figure 3.  Representation of the three different types of scattering. The color of the 
arrows indicate the type of scattering that has occurred and the thickness of the arrows 
indicates the frequency of that scattering. The change in energy (ΔE) from the incident 
light (hνi) to the scattered light (hνs) is shown in equation form and on the harmonic 
oscillator approximation previously discussed.  
Sample 
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Stokes due to the fact that in order for anti-Stokes scattering to occur the molecule must be 
in an excited state. These two types of scattering are commonly called Raman scattering 
and are what are investigated in order to obtain vibrational information on a molecule. The 
intensity of this Raman scattering is dependent on the change in polarizability that occurs 
during the specific vibrational motion [13].   
It has been shown that IR and Raman spectroscopy can be used to accurately 
identify explosive compounds at relatively high concentrations [5, 14-17]. A significant 
disadvantage of Raman spectroscopy is that it is not sensitive enough to detect trace 
amounts of these materials due to the inherent weakness of Raman scattering [18].  
 
1.2.3 Surface Enhanced Raman Spectroscopy 
In order to overcome this limit of detection (LOD), surface enhanced Raman 
spectroscopy (SERS) can be utilized. In 1974 it was observed and then subsequently 
recognized that Raman scattering intensity significantly increased when pyridine was near 
a silver electrode [19, 20]. This enhancement can also be seen with nanoparticles as well 
as a metal surface. Raman scattering, on average, increases on the order of 104 – 108 but 
enhancements of 1014 – 1015 have been observed [3, 21]. With this level of enhancement it 
can be possible to detect a single molecule of a substance [22]. The LODs of explosive 
molecules have been shown to significantly improve by utilizing SERS [3, 23].  
There are two common theories about how this enhancement occurs. The first 
theorized mechanism involves an electromagnetic effect generated when surface plasmons 
are excited resulting in an enhancement of both the incident light and Raman scattering 
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when the compound interacts with the metal surface [24]. The second theorized mechanism 
is a chemical enhancement generated when a compound binds to the metal surface [11].  
 
 
1.3 Computational Chemistry  
Computational chemistry is a scientific field that is able to investigate a variety of 
chemical systems and predict molecular properties by using computers. Since its invention, 
this field has grown tremendously due to the technological advancements that have 
occurred over the past few decades. Computational chemists utilize simulation and 
modeling in order to investigate the molecule or system of interest. In order to accurately 
model or simulate a molecule or system, the nuclear and electronic behavior of the 
compound must be defined [25].  
 
1.3.1 Born-Oppenheimer Approximation 
 In 1927, Max Born and J. Robert Oppenheimer proved that considering the nuclei 
of a molecule stationary in comparison to the electrons can be a useful and accurate 
approximation. Due to this the molecular geometry of the compound is entirely reliant on 
its nuclear coordinates. The other consequence of this approximation, is that the behavior 
of the compound can be entirely attributed to the behavior of its electrons. Because of this 
the Schrӧdinger equation, a powerful and useful tool for describing the behavior of a 
molecule or system, can be split into nuclear and electronic forms. Therefore, the electronic 
Schrӧdinger equation is the only one that needs to be solved in order to determine the 
behavior of the compound [26]. 
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1.3.2 Potential Energy Surface  
A potential energy surface (PES) of a compound shows the relationship between 
the compound’s molecular geometry and its molecular energy. As certain geometrical 
constraints change, i.e. bond lengths, angles, etc., the energy of the compound will change. 
Based on the Born-Oppenheimer approximation, the PES of a molecule is entirely based 
on the compound’s nuclear geometrical parameters. In reality, the nuclei of a molecule are 
not stationary but instead have small vibrations. The equilibrium position of these motions 
are what are indicated by these stationary parameters [26]. 
The PES can also be thought of as a mathematical function. Stationary points on a 
PES are particularly of interest. When the first derivative of the PES is equal to zero, a 
stationary point is present. The second derivatives at this point indicate what type of 
stationary point is present. If all second derivatives are positive, that means the surface is 
concave up in all directions or uphill in all directions, indicating that a minimum energy 
structure has been found. If only one second derivative is not positive, this indicates that a 
transition state has been found. A geometry optimization attempts to locate these stationary 
points while a frequency calculation determines what type of stationary point was found 
[25].  
 
 
1.3.3 Electronic Schrӧdinger Equation  
The electronic Schrӧdinger equation shown in Equation 1, is able to describe the 
behavior of all of the electrons of a system for a certain geometry of the nuclei. The 
Hamiltonian operator (?̂?) is the sum of energy due to both the kinetic motion of electrons 
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and the potential energy from the interaction of the electrons and the positively charged 
nuclei. The wavefunction (Ψ) is used to describe the electron distribution of a system [27]. 
Using these two variables and the electronic Schrӧdinger equation, the total electronic 
energy of a system can be calculated. 
                                                   ?̂?𝛹 = 𝐸𝛹            (1) 
Ab initio computational methods use the wavefunction to describe electron 
behavior and attempt to solve the electronic Schrӧdinger equation with as few 
approximations as possible. The Schrӧdinger equation can only be fully solved for one 
electron systems. Instead of the wavefunction, a density functional can be used which is 
less computationally demanding. The wavefunction defines the position and behavior of 
each electron in a system whereas a density functional defines electron behavior as a whole 
[26]. This means that as systems with more electrons are analyzed the wavefunction 
becomes more complicated while the density functional remains the same.  
 
1.3.4 Density Functional Theory Methods  
DFT methods have been shown to accurately describe the Raman spectra of 
nitroaromatic HEDMs. A study was conducted in order to investigate the Raman spectrum 
of TNT using 22 DFT methods. This study concluded that DFT methods can correlate 
relatively well to experimental, O3LYP being the most accurate based on their research 
[28]. Another study conducted a vibrational analysis of TNT using the DFT method 
B3LYP and 6-31G**, 6-311+G**, and Sadlej pVTZ basis sets. They assigned transitions 
in 700-3400 cm−1. The study concluded that the relative Raman intensities calculated using 
the various triple ζ basis sets agreed relatively well with experimental results [29]. 
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Furthermore, it has been shown that DFT methods can define systems of HEDMs 
and silver or similar systems relatively well compared to experimental results. A study was 
done that investigated SERS of TNT and CL-20 utilizing biosynthetic silver nanoparticles. 
These experimental results were then corroborated with DFT computational results. The 
DFT method B3LYP and the 6-311+G(d, p) was utilized. They were able to use the 
computational data to successfully assign peaks in the experimental spectrum [30]. Another 
study investigated Pyrimidine, silver, and water systems, very similar to the systems 
studied in this research. Multiple DFT methods including M06L, M062X, and B3LYP were 
used as well as various suitable triple ζ basis sets. The vibrational shifts calculated were 
comparable to the experimental results but sizeable Raman scattering enhancements were 
not see computationally [31].  
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2 Computational Details 
The geometries of each HEDM/Ag2 complex and the related isolated molecules 
(NB, DNB, TNB, and Ag2) were fully optimized using the DFT method M06-2X [32]. A 
correlation consistent triple-ζ basis set augmented with diffuse functions on all atoms and 
a relativistic pseudopotential on silver (aug-cc-pVTZ for H, C, N, and O and aug-cc-pVTZ-
PP for Ag; denoted aVTZ) was utilized for these calculations [33-36]. This method and 
basis set was chosen based on previous research conducted that concluded this level of 
theory correlated relatively well with experimental data for certain vibrational modes [31]. 
Harmonic vibrational frequencies were computed along with their corresponding IR 
intensities and Raman scattering activities (RA) for each optimized structure to ensure that 
each corresponds to a minimum on the M06-2X/aVTZ potential energy surface. This data 
was also used to investigate each minimum energy structure’s vibrational signature and 
how that signature changes with the addition of silver. 
 Analytic gradients and Hessians available in the Gaussian 09 software package 
were used to perform all calculations [37]. The electronic energies were required to 
converge to at least 1.0 x 10−10 Eh, and the maximum Cartesian forces allowed in each 
optimized structure were no more than 1.2 x 10−5 Eh a.u.
−1 for all calculations. Instead of 
Cartesian (6d, 10f) functions, pure angular momentum (5d, 7f) atomic orbital basis 
functions, and an ultrafine pruned numerical integration grid (99 radian shells and 590 
angular points per shell) were used for all of the HEDM/Ag2 computations.  
12 
 The binding energy (Ebind) for each HEDM/Ag2 complex was found by subtracting 
the electronic energy of the isolated monomers (HEDM and Ag2) from the electronic 
energy of the complex of them shown in Equation 2.  
           Ebind =  EHEDM/Ag2 − EHEDM − EAg2                     (2) 
 Relative binding energies (ΔE) for the conformations of each HEDM/Ag2 complex 
were calculated by subtracting the energy of the lowest energy complex for a certain 
nitrobenzene from the energies of the other complexes of that nitrobenzene shown in 
Equation 3.  
                                          ∆E =  EHEDM/Ag2
Complex
− EHEDM/Ag2
Lowest Complex
                                (3) 
 In place of a metal surface or nanoparticle, two silver atoms (Ag2) were utilized in 
order to investigate where the HEDM prefers to bind with silver and how these varying 
binding sites affect the spectra differently in order to attempt to discern between binding 
sites spectrally. The number of silver atoms interacting with a compound affects the 
magnitude of adsorption and certain aspects of its spectral data, but the binding site is more 
important when investigating the binding interactions between to two molecules [31]. 
Furthermore, small clusters and large clusters of silver have been shown to have a similar 
mechanism of enhancement but this enhancement decreases as intermolecular distance 
increases between the metal and the compound [38, 39].  
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3 Results and Discussion  
3.1 Structures and Energetics  
Each of the three nitrobenzene structures shown in Figure 1 were fully optimized 
and found to have no imaginary vibrational frequencies. Subsequent complexation with 
silver was investigated at the electron-rich areas (π, N, and O) of each compound. Table 1 
displays the binding energies, relative binding energies, and intermolecular separation 
found for each minimum energy HEDM/Ag2 complex. Intermolecular separation was 
measured between the silver atom(s) interacting with the HEDM and the atom of the 
HEDM that is interacting with the silver, and is displayed by a dotted line in the Figures 4-
6. The complexes are classified based on the nature of the interaction with silver. This 
classification scheme is consistent for all of the nitrobenzenes studied. 
 
 
 
 
 
 
 Nitro Edge (C1) 
Ebind = −7.89 
ΔE = 0.00 
R = 2.55 
 
 
Figure 4. Minimum energy structures of NB/Ag2. Binding energies (Ebind in kcal mol
−1), 
relative binding energies (ΔE in kcal mol−1), and intermolecular distances (R in Å) 
calculated at the M06-2X/aVTZ level of theory.. Point group indicated in parentheses.  
Nitro Face (C1) 
Ebind = −7.64 
ΔE = 0.63 
R = 2.50 
 
 
Nitro Double (Cs) 
Ebind = −5.27 
ΔE = 2.37 
R = 2.73 
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Three minimum energy conformations with silver were found for NB, all of which 
interact with the nitro group and are displayed in Figure 2. The binding energy, relative 
energy, and intermolecular distance for each complex can be found in Table 1. The lowest 
energy binding conformation is nitro edge but the nitro face configuration is less than 1.0 
kcal mol−1 higher in energy. Due to this these complexes can be considered relatively 
isoenergetic at this level of theory. The nitro face conformation has a shorter intermolecular 
distance than the nitro edge indicating a stronger interaction. The nitro double 
configuration is over 2.0 kcal mol−1 higher in binding energy and has the largest 
intermolecular distance of the three conformations.  
HEDM Conformation ΔR(C – N) ΔR(N – O) ΔR(N – O)* Δθ (ONO) 
NB 
Nitro Edge −0.008 +0.009 −0.003 −1.2 
Nitro Face −0.009 +0.014 −0.006 −1.0 
Nitro Double −0.025 +0.013 -- −1.7 
 
 
In each NB/Ag2 conformation, upon complexation the carbon-nitrogen bond length 
of the nitro group interacting with the silver decreases. In addition, the nitro bond angle 
decreases and the nitrogen-oxygen bond length increases for all complexes. When both 
silver atoms are interacting with the nitro group, nitro double, the magnitude of these 
changes increases.  
 
 
Table 1.  Changes in bond length (ΔR in Å) and bond angle (Δθ in degrees) for the nitro 
group interacting with Ag2 for each conformation of NB/Ag2 calculated at the M06-
2X/aVTZ level of theory. * indicates either the N – O not interacting with Ag or farther 
away from another nitro group.  
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There were four minimum energy DNB/Ag2 complexes found which are displayed 
in Figure 3. The binding energy, relative energy, and intermolecular separation for each 
complex is shown in Table 1. The lowest energy conformation is the bridge in which each 
silver atom interacts with a different nitro group. Though, all of the other conformations 
are within 1.0 kcal mol−1 of the bridge configuration and have significantly shorter 
intermolecular distances indicating a stronger interaction. Nitro face has the smallest 
intermolecular distance of the four conformations.   
HEDM Conformation ΔR(C – N) ΔR(N – O) ΔR(N – O)* Δθ (ONO) 
DNB 
Bridge −0.010 +0.007 0.000 −0.6 
Nitro Edge −0.010 +0.010 −0.001 −1.3 
Nitro Face −0.009 +0.014 −0.006 −1.0 
Nitro Double −0.038 +0.020 +0.022 −2.6 
Figure 5. Minimum energy structures of DNB/Ag2. Binding energies (Ebind in kcal 
mol−1), relative binding energies (ΔE in kcal mol−1), and intermolecular distances (R in 
Å) were calculated at the M06-2X/aVTZ level of theory.  Point group indicated in 
parentheses.  
Bridge (Cs) 
Ebind = −6.80 
ΔE = 0.00 
R = 2.81 
 
 
Nitro Edge (C1) 
Ebind = −6.43 
ΔE = 0.37 
R = 2.56 
 
 
Nitro Face (C1) 
Ebind = −6.34 
ΔE = 0.46 
R = 2.53 
 
 
Nitro Double (C1) 
Ebind = −5.84 
ΔE = 0.96 
R = 2.61 
 
 
Table 2.  Changes in bond length (ΔR in Å) and bond angle (Δθ in degrees) for the nitro 
group interacting with Ag2 for each conformation of DNB/Ag2 calculated at the M06-
2X/aVTZ level of theory. * indicates either the N – O not interacting with Ag or farther 
away from another nitro group.  
16 
 
 Upon complexation, in all DNB/Ag2 conformations, the carbon-nitrogen bond 
length of the nitro group interacting with silver decreases, the nitro-oxygen bond length 
interacting directly with silver increases, and the nitro group bond angle decreases. 
Furthermore, when both silver atoms are interacting with the same nitro group, nitro 
double, the magnitude of these changes increases.  
 
 
 
 
 
 
 
 
Three minimum energy TNB/Ag2 complexes were found and are displayed in 
Figure 4. The binding energy, relative energy, and intermolecular distance of each complex 
is shown in Table 1. The lowest energy binding conformation is the bridge configuration 
but the nitro double configuration is less than 0.2 of a kcal mol−1 higher in energy 
indicating that these configurations are isoenergetic at this level of theory. Though, the 
Figure 4. Minimum energy structures of TNB/Ag2. Binding energies (Ebind in kcal 
mol−1), relative binding energies (ΔE in kcal mol−1), and intermolecular distances (R in 
Å) were calculated at the M06-2X/aVTZ level of theory. Point group indicated in 
parentheses. 
Bridge (Cs) 
Ebind = −7.24 
ΔE = 0.00 
R = 2.80 
 
 
Nitro Double (Cs) 
Ebind = −7.12 
ΔE = 0.12 
R = 2.45 
 
 
Nitro Edge (C1) 
Ebind = −5.72 
ΔE = 1.52 
R = 2.56 
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nitro double configuration has the smallest intermolecular distance. The nitro edge 
conformation is over 1.5 kcal mol−1 higher in energy than the other conformations.  
HEDM Conformation ΔR(C – N) ΔR(N – O) ΔR(N – O)* Δθ (ONO) 
TNB 
Bridge -0.011 0.009 0.001 -0.7 
Nitro Double -0.060 0.039 -- -4.2 
Nitro Edge  -0.013 0.013 0.000 -1.5 
 
 
 In every conformation of TNB/Ag2, the bond length of the carbon-nitrogen of the 
nitro group interacting with the nitro group decreases, the bond length of the nitrogen-
oxygen interacting directly with silver increases, and the bond angle of the nitro group 
decreases. When both silver atoms are interacting with the same nitro group the magnitude 
of these changes increases. This larger magnitude is not seen in the bridge conformation 
even though both silver atoms are interacting with the molecule. The main difference is 
that in the bridge configuration each silver atoms interacts with a different nitro group. The 
magnitude of these changes in TNB compared to NB and DNB have increases as more 
nitro groups are added.   
 
 
 
Table 3.  Changes in bond length (ΔR in Å) and bond angle (Δθ in degrees) for the nitro 
group interacting with Ag2 for each conformation of DNB/Ag2 were calculated at the 
M06-2X/aVTZ level of theory.  * indicates either the N – O not interacting with Ag or 
farther away from another nitro group.  
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HEDM Conformation Ebind ΔE R 
NB Nitro Edge −7.64 0.00 2.55 
 Nitro Face −7.00 0.63 2.50 
  Nitro Double −5.27 2.37 2.73 
DNB Bridge −6.80 0.00 2.81 
 Nitro Edge −6.43 0.37 2.56 
 Nitro Face −6.34 0.46 2.53 
  Nitro Double −5.84 0.96 2.61 
TNB Bridge −7.24 0.00 2.80 
 Nitro Double −7.12 0.12 2.45 
  Nitro Edge −5.72 1.52 2.56 
 
 There are certain energetic trends that can be discerned from the data displayed in 
Table 4. The bridge conformation consistently has the lowest binding energy and the 
longest intermolecular distance when present. The nitro face conformation is consistently 
higher in energy than the nitro edge conformation but the energetic distance between the 
two decreases when more nitro groups are present on the molecule. In addition, the nitro 
face conformation has the smallest intermolecular distance whenever it is present. As more 
nitro groups are added to a molecule, the nitro double conformation’s intermolecular 
distance significantly decreases and the configuration becomes more competitive 
energetically. The nitro edge conformation becomes less energetically competitive when 
more nitro groups are present though the intermolecular distance remains relatively the 
same.  
 
Table 4. The binding energies (Ebind in kcal mol
−1), relative binding energies (ΔE in kcal 
mol−1), and intermolecular distances (R in Å) were calculated for each conformation of 
NB/Ag2, DNB/Ag2, and TNB/Ag2 at the M06-2X/aVTZ level of theory.  
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3.2 Vibrational Spectroscopy  
In addition to the energetic data, the vibrational spectra of these HEDM/Ag2 
complexes were also investigated. Data for select modes can be seen in Tables 2-4. Each 
of these tables displays the frequency (ω), Raman activity (RA), and IR intensity (IR) for 
a certain vibrational mode of the isolated nitrobenzene on the far left. The next columns 
show the changes in frequency (Δω), Raman activity (ΔRA), and IR intensity (ΔIR) that 
occur in each complex with silver. The final column indicates the characteristic motion of 
the vibrational mode. These modes were chosen based on their ability to characterize a 
certain conformation or the presence of significant increases in Raman activity. There are 
variations in the spectra between the different HEDM/Ag2 configurations that makes it 
possible to discern between them spectrally.  
Isolated 
Nitro Edge Nitro Face Nitro Double 
Mode ΔE = 0.00 ΔE = 0.63 ΔE = 2.37 
ω RA IR Δω ΔRA ΔIR Δω ΔRA ΔIR Δω ΔRA ΔIR 
736 0 91 +4 +3 −16 +2 +144 −22 −14 +196 −79 w(C-H) 
837 1 4 0 +4 +3 0 +36 +7 −17 +111 +109 w(C-H) 
871 0 0 +2 0 0 −1 +58 +1 −2 0 +1 w(C-H) 
892 13 37 +9 −2 +39 −2 +54 −13 −8 −6 −25 b(O-N-O) 
1460 111 255 −9 +724 +285 −31 +2854 −49 −92 +6679 +21 s(C-N) 
1662 51 1 −2 +105 +2 −2 +1 +3 −1 +327 +1 s(C-N) 
  
 
Table 5. Select harmonic vibrational frequencies (ω in cm−1), Raman scattering 
activities (RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated NB as well 
as the corresponding changes upon complexation (Δω, ΔRA, and ΔIR) for different NB 
complex modes calculated at the M06-2X/aVTZ level of theory. Mode designations: w 
for wagging motions, b for bending, and s for stretching. Most of these modes are highly 
coupled when bound with silver. 
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The carbon-nitrogen stretching vibrational modes experience a significant increase 
in Raman activity upon complexation with silver in all three NB/Ag2 conformations.  Each 
of these increases is accompanied by a decrease in frequency. Raman activity increases in 
the carbon-hydrogen wagging modes displayed in the Table 5 are characteristic of the nitro 
face or the nitro double configuration depending on which of the specific modes show 
enhancement. The nitro face conformation also has a characteristic oxygen-nitrogen-
oxygen bending mode. The nitro double conformation has the largest Raman activity 
increase of over at a carbon-nitrogen stretching mode. It is important to note that the nitro 
double conformation also experiences the largest change in carbon-nitrogen bond length 
shown in Table 1.  
There is a significant Raman activity increase observed in the carbon-nitrogen 
stretching modes in all of the DNB/Ag2 conformations, and each of these increases is 
accompanied by a decrease in frequency. The bridge and nitro edge conformations have 
characteristic increases at certain ring motion modes. The nitro edge and nitro double 
conformations show characteristic enhancements at specific nitrogen-oxygen stretching 
modes. Increases in the Raman activities at certain carbon-hydrogen wagging and rocking 
modes are unique to the nitro face conformation. In addition, the nitro edge conformation 
has the largest Raman activity increase at a carbon-nitrogen stretching vibrational mode. 
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Isolated 
Bridge Nitro Edge Nitro Face Nitro Double 
Mode ΔE = 0.00 ΔE = 0.37 ΔE = 0.46 ΔE = 0.96 
ω RA IR Δω ΔRA ΔIR Δω ΔRA ΔIR Δω ΔRA ΔIR Δω ΔRA ΔIR 
945 3 28 +2 −2 −7 +4 +229 0 0 +6 −6 +2 +33 −18 Ring 
971 0 9 −26 +210 −4 −4 +52 +3 +2 +1 +1 −7 +25 +6 Ring 
987 0 0 +4 +2 +1 +2 +48 +1 −3 +196 0 −8 +7 +1 w(C-H) 
1024 0 0 +12 +1 0 +4 0 0 +11 +49 0 +9 +2 0 w(C-H) 
1180 5 7 +2 +23 −3 +1 +17 +5 +2 +152 +19 0 +67 −4 r(C-H) 
1458 18 377 −32 +1471 −53 −30 +45652 −323 −31 +4870 −188 −140 +6993 +379 s(C-N) 
1466 147 87 −36 +3179 −25 −3 +1577 +162 −5 +578 +190 −4 −50 +173 s(C-N) 
1661 49 35 −15 −44 +156 −1 +1133 +57 −3 +27 +59 −3 +459 +128 s(N-O) 
1701 1 132 −22 +52 +172 −13 +207 −94 −9 +69 +88 −31 +104 −125 s(N-O) 
1720 3 283 −14 +15 −6 −4 +229 −41 −6 +74 +52 −11 +147 −119 s(N-O) 
Table 6. Select harmonic vibrational frequencies (ω in cm−1), Raman scattering activities (RA in Å4 amu−1), infrared intensities (IR 
in km mol−1) for isolated DNB as well as the corresponding changes upon complexation (Δω, ΔRA, and ΔIR) for different DNB 
complex modes calculated at the M06-2X/aVTZ level of theory. Mode designations: ring for ring motions, w for wagging motions, 
r for rocking motions, and s for stretching. Most of these modes are highly coupled when bound with silver. 
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 All of the TNB/Ag2 complexes show large increases in Raman activity in the 
carbon-nitrogen stretching modes compared to the isolated TNB molecule. These modeslso 
display a decrease in frequency. The bridge conformation has a characteristic carbon-
hydrogen wagging mode while the nitro edge conformation has enhancements in specific 
ring motion modes. The nitro edge conformation has the largest Raman activity increase at 
a carbon-nitrogen stretching mode.  
 Throughout the HEDM/Ag2 complexes, the nitro edge conformation has the largest 
increase in Raman activity except in NB. The nitro double conformation has the greatest 
enhancement of the NB/Ag2 configurations. In all conformations of each HEDM/Ag2 
Isolated 
Bridge Nitro Double Nitro Edge 
Mode ΔE = 0.00 ΔE = 0.12 ΔE = 1.52 
ω RA IR Δω ΔRA ΔIR Δω ΔRA ΔIR Δω ΔRA ΔIR 
761 0 57 −3 +43 +12 −14 +48 −8 0 +474 +41 Ring 
870 12 0 −5 +18 +4 −14 +11 +24 0 +460 +4 Ring 
961 4 25 +3 0 −2 0 −1 −2 +5 +998 −18 Ring 
988 0 1 −50 +727 +11 −30 +95 +15 −2 0 0 w(C-H) 
1457 13 319 −32 +3725 −226 +8 +175 −85 0 +42 −13 s(C-N) 
1457 13 320 −35 +1825 −19 0 0 −35 −52 +88530 −193 s(C-N) 
1470 168 0 −15 +1704 +394 −189 +3357 +1268 −5 +2859 +238 s(C-N) 
Table 7. Select harmonic vibrational frequencies (ω in cm−1), Raman scattering 
activities (RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated TNB as 
well as the corresponding changes upon complexation (Δω, ΔRA, and ΔIR) for different 
TNB complex modes calculated at the M06-2X/aVTZ level of theory. Mode 
designations: ring for ring motions, ρ for wagging motions, and α for stretching. Most 
of these modes are highly coupled when bound with silver. 
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complex, the largest Raman activity enhancements occur at carbon-nitrogen stretching 
modes and each of these increases is paired with a decrease in frequency.  
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4 Conclusions   
A conformational analysis was completed on each nitrobenzene, NB, DNB, and 
TNB, and only one minimum energy structure was found for each. The interaction between 
each nitrobenzene and silver was studied and minimum energy HEDM/Ag2 structures were 
found. Three minimum energy complexes were found for NB/Ag2, the nitro edge, nitro 
face, and nitro double. The nitro edge conformation was the lowest in energy but the nitro 
face conformation was close enough to be considered isoenergetic at this level of theory. 
Four minimum energy structures were found for DNB/Ag2, the bridge, nitro edge, nitro 
face, and nitro double. The bridge conformation was the lowest in energy but all three of 
the other conformations were less than 1 kcal mol−1 indicating they are isoenergetic at this 
level of theory. Three minimum energy complexes were found for TNB/Ag2, the bridge, 
nitro double, and nitro edge. The bridge conformation was the lowest in energy but the 
nitro double was less than 0.2 kcal mol−1 indicating that they are isoenergetic at this level 
of theory. Based on this, nitrobenzenes could potentially bind to a metal surface in any of 
these energetically competitive configurations.  
Upon complexation with silver, the bond lengths and angle of the nitro group that 
interacts with silver change. In every conformation of each nitrobenzene/Ag2 complex, the 
carbon-nitrogen bond length of the nitro group that is interacting with silver decreases, the 
nitrogen-oxygen bond length of the nitro group that is directly interacting with silver 
increases, and the angle of the nitro group decreases. In all three nitrobenzenes, the greatest 
magnitude of change occurred when both silver atoms were interacting with the same nitro 
group, or in the nitro double conformation.  
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The number of nitro groups present on the benzene ring also had an effect on the 
energetics of these compounds. The presence of more nitro groups, made the nitro double 
conformation more competitive energetically. This conformation went from being over 1.5 
kcal mol−1 to less than 0.2 kcal mol−1 away from the lowest energy structure. The 
intermolecular distance decreased from 2.73 to 2.45 Å. In addition the presence of more 
nitro groups made the nitro edge conformation less energetically competitive. This 
conformation went from being the lowest energy structure to over 2.5 kcal mol−1 higher in 
energy than the lowest energy complex.  The intermolecular distance of this conformation 
stays relatively the same though.  
Analysis of the spectra of the conformations of each HEDM/Ag2 complex was 
completed. Significant Raman activity enhancements were observed. The largest Raman 
activity enhancements for each structure occurred in carbon-nitrogen stretching modes. 
Each of these modes also experienced a decrease in frequency. In NB, the nitro double 
conformation experienced the largest Raman scattering enhancement. In DNB and TNB, 
the nitro edge conformation experienced the largest Raman scattering enhancement. The 
magnitude of Raman activity enhancements grew when more nitro groups were present in 
the molecule from around +6,600 in NB to over +88,000 in TNB. Through this analysis it 
was proven that it is possible to discern between the different conformations of a certain 
HEDM/Ag2 complex spectrally.  
  
 
 
 
26 
References  
[1] Structure and Bonding Volume 125 – High Energy Density Materials; Volume 
editor – Klapötke, T.H.; 2007; Springer; https://doi.org/10.1007/978-3-540-72202-
1  
[2] D. Badgujar, M. Talawar, S. Asthana, and P. Mahulikar, J. Hazard. Mater., 151, 
289 (2008). Advances in science and technology of modern energetic materials: An 
overview. https://doi.org/10.1016/j.jhazmat.2007.10.039. 
[3] F. Zapata, M. Lopez-Lopez, and C. Garcia-Ruiz, Appl. Spectrosc. Rev., 51, 227 
(2016). Detection and identification of explosives by surface enhanced Raman 
scattering. https://doi.org/10.1080/05704928.2015.1118637. 
[4] A. Bailey and S. Murray, Explosives, Propellants, and Pyrotechnics. Brassey’s: 
London, 1989. 
[5] M. Lopez-Lopez and C. Garcia-Ruiz, Trends Anal. Chem., 54, 36 (2014). Infrared 
and Raman spectroscopy techniques applied to identification of explosives. 
https://doi.org/10.1016/j.trac.2013.10.011. 
[6] J. Mathieu and H. Stucki, CHIMIA, 58, 383 (2004). Military High Explosives. 
https://doi.org/10.2533/000942904777677669.  
[7] D. Moore, Rev Sci. Instrum., 75, 2499 (2004). Instrumentation for Trace Detection 
of High Explosives. https://doi.org/10.1063/1.1771493. 
[8] A. Juhasz and R. Naidu, Rev. Environ. Contam. Toxicol., 191, 163 (2007). 
Explosives: Fate, Dynamics, and Ecological Impact in Terrestrial and Marine 
Environments. https://doi.org/10.1007/978-0-387-69163-3_6. 
27 
[9] P. Kovacic and R. Somanathan, J. Appl. Toxicol., 34, 810 (2014). Nitroaromatic 
compounds: Environmental toxicity, carcinogenicity, mutagenicity, therapy, and 
mechanism. https://doi.org/10.1002/jat.2980. 
[10] D. Kalderis, A. Juhasz, R. Boopathy, and S. Comfort, Pure Appl. Chem., 83, 1407 
(2011). Soils contaminated with explosives: Environmental fate and evaluations of 
state-of-the-art remediation processes. https://doi.org/10.1351/PAC-REP-10-01-
05. 
[11] S. Botti, S. Almaviva, L. Cantarini, A. Palucci, A. Puiu, and A. Rufoloni, J. Raman 
Spectrosc., 44, 463 (2013). Trace level detection and identification of nitro-based 
explosives by surface-enhanced Raman spectroscopy. 
https://doi.org/10.1002/jrs.4203. 
[12] X. Zhao and J. Yinon, J. Chromatogr. A, 946, 125 (2002). Characterization and 
origin identification of 2,4,6-trinitrotoluene through its by-product isomers by 
liquid-chromatography-atmospheric pressure chemical ionization mass 
spectrometry. https://doi.org/10.1016/S0021-9673(01)01533-3. 
[13] J. Robinson, E. Frame, and G. Frame II, Undergraduate Instrumental Analysis 
Seventh Addition. CRC Press: Boca Raton, FL, (2014). 
[14] J. Hwang, N. Choi, A. Park, J. Park, J. Chung, S. Baek, S. Cho, S. Baek, and J. 
Choo, J. Mol. Struct., 1039, 130 (2013). Fast and sensitive recognition of various 
explosive compounds using Raman spectroscopy and principal component 
analysis. https://doi.org/10.1016/j.molstruc.2013.01.079. 
28 
[15] L. Pacheco-Londono, W. Ortiz-Rivera, O. Primera-Pedrozo, and S. Hernandez-
Rivera, Anal. Bioanal. Chem., 395, 323 (2009). Vibrational spectroscopy standoff 
detection of explosives. https://doi.org/10.1007/s00216-009-2954-y. 
[16] M. Lopez-Lopez, J. Ferrando, and C. Garcia-Ruiz, Anal. Chem., 85, 2595 (2013). 
Dynamite analysis by Raman spectroscopy as a unique analytical tool. 
https://doi.org/10.1021/ac302774w. 
[17] J. Moros, J. Lorenzo, K. Novotny, and J. Laserna, J. Raman Spectrosc., 44, 121 
(2013). Fundamentals of stand-off Raman scattering spectroscopy for explosive 
fingerprinting. https://doi.org/10.1002/jrs.4138. 
[18] S. Botti, L. Cantarine, and A. Palucci, J. Raman Spectrosc., 41, 866 (2010). 
Surface-enhanced Raman spectroscopy for trace-level detection for explosives. 
https://doi.org/10.1002/jrs.2649. 
[19]  M. Fleischmann, P. Hendra, and A. McQuillan, Chem. Phys. Lett., 26, 163 (1974). 
Raman spectra of pyridine absorbed at a silver electrode. 
https://doi.org/10.1016/0009-2614(74)85388-1. 
[20] D. Jeanmaire and R. Van Duyne, J. Electroanal. Chem., 84, 1 (1977). Surface 
Raman Spectroelectrochemistry Part 1. Heterocyclic, aromatic, and aliphatic 
amines adsorbed on the anodized silver electrode. https://doi.org/10.1016/S0022-
0728(77)80224-6. 
[21] C. Aikens and G. Schatz, J. Phys. Chem. A, 110, 13317 (2006). TDDFT studies of 
absorption and SERS spectra of pyridine interaction with Au20. 
https:/doi.org/10.1021/jp065206m. 
29 
[22] K. Kneipp, Y. Wang, H. Kneipp, L. Perelman, I. Itzkan, R. Dasari, and M. Feld, 
Phys. Rev. Lett., 78, 1667 (1997). Single molecule detection using surface-
enhanced Raman scattering (SERS). https://doi.org/10.1103/PhysRevLett.78.1667. 
[23]  P. Aoki, L. Furini, P. Alessio, A. Aliaga, and C. Constantino, Rev. Anal. Chem., 32, 
55 (2013). Surface-enhanced Raman scattering (SERS) applied to cancer diagnosis 
and detection of pesticides, explosives, and drugs. https://doi.org/10.1515/revac-
2012-0019. 
[24] A. Campion and P. Kambhampati, Chem. Soc. Rev., 27, 241 (1998). Surface-
enhanced Raman scattering. https://doi.org/10.1039/A827241Z. 
[25] K. Ramachandra, G. Deepa, and K. Namboori, Computational Chemistry and 
Molecular Modeling. Springer: Berlin, 2008. 
[26] E. Lewars, Computational Chemistry: Introduction to the Theory and Applications 
of Quantum Mechanics. Kluwer Academic Publishers: Norwell, MA, 2003.  
[27] T. Engel and P. Reid, Physical Chemistry. Pearson: Glenview, 2013.  
[28] Y. Liu, R. Perkins, Y. Liu, and N. Tzeng, J. Mol. Struct., 1133, 217 (2017). Normal 
mode and experimental analysis of TNT Raman spectrum. 
https://doi.org/10.1016/j.molstruc.2016.12.015.  
[29] S. Hernandez-Rivera, J. Castillo-Chara, Vib. Spec., 53, 248 (2010). Ab initio, DFT 
calculation and vibrational analysis of 2,4,6-trinitrotoulene. 
https://doi.org/10.1016/j.vibspec.2010.04.002. 
[30] S. Sil, D. Chaturvedi, K. Krishnappa, S. Kumar, S. Asthana, and S. Umapathy, J. 
Phys. Chem. A, 118, 2904 (2014). Density Functional Theoretical Modeling, 
Electrostatic Surface Potential and Surface Enhanced Raman Spectroscopic Studies 
30 
on Biosynthesized Silver Nanoparticles: Observation of 400 pM Sensitivity to 
Explosives. https://doi.org/10.1021/jp4090266. 
[31] J. T. Kelly, A. K. McClellan, L. V. Joe, A. M. Wright, L. T. Lloyd, G. S. 
Tschumper, and N. I. Hammer, ChemPhysChem, 17, 2782 (2016). Competition 
between Hydrophilic and Argyrophilic Interactions in Surface Enhanced Raman 
Spectroscopy. http://dx.doi.org/10.1002/cphc.201600678. 
[32]  Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 120, 215 (2008). The M06 suite of 
density functionals for main group thermochemistry, thermochemical kinetics, 
noncovalent interactions, excited states, and transition elements: two new 
functionals and systematic testing of four M06-class functionals and 12 other 
functionals. http://dx.doi.org/10.1007/s00214-007-0310-x. 
[33] J. Thom H. Dunning, J. Chem. Phys., 90, 1007 (1989). Gaussian basis sets for use 
in correlated molecular calculations. I. The atoms boron through neon and 
hydrogen. http://dx.doi.org/10.1063/1.456153. 
[34]  R. A. Kendall, J. Thom H. Dunning, and R. J. Harrison, J. Chem. Phys., 96, 6796 
(1992). Electron affinities of the first-row atoms revisited. Systematic basis sets and 
wave functions. http://dx.doi.org/10.1063/1.462569. 
[35] D. Feller, J. Comput. Chem., 17, 1571 (1996). The Role of Databases in Support of 
Computational Chemistry Calculations. http://dx.doi.org/10.1002/jcc.9. 
[36]  K. L. Schuchardt, B. T. Didier, T. Elsethagen, L. Sun, V. Gurumoorthi, J. Chase, J. 
Li, and T. L. Windus, J. Chem. Inf. Model., 47, 1045 (2007). Basis Set Exchange: 
A Community Database for Computational Sciences. 
http://dx.doi.org/10.1021/ci600510j. 
31 
 [37] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, 
M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. 
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, 
T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, Montgomery Jr., J. A., J. 
E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. 
Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, 
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. 
B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. 
Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. 
Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. 
Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and 
D. J. Fox, Gaussian Inc.Wallingford CT 2009. Gaussian09 Revision D.01. 
[38]  L. Jensen, L. L. Zhao, and G. C. Schatz, J. Phys. Chem. C, 111, 4756 (2007). Size 
Dependence of the Enhanced Raman Scattering of Pyridine Adsorbed on Agn (n = 
2-8, 20) Clusters. http://dx.doi.org/10.1021/jp067634y. 
[39]  G. C. Schatz, Acc. Chem. Res., 17, 370 (1984). Theoretical Studies of Surface 
Enhanced Raman Scattering. http://dx.doi.org/10.1021/ar00106a005. 
 
 
 
 
 
 
 
 
 
32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 
33 
 
 
 
 
NB (Isolated) NB/Ag2 Nitro Edge Differences 
ω RA IR ω RA IR Δω ΔRA ΔIR 
   5 2 0    
   19 4 0    
   25 3 0    
   44 20 0    
   73 1 5    
   161 88 10    
56 0 0 63 8 0 +7 +8 0 
173 2 1 175 19 1 +2 +17 0 
265 0 1 272 1 3 +7 +1 +2 
405 4 2 414 10 17 +10 +7 +15 
412 0 0 411 0 0 −1 0 0 
444 0 1 445 20 2 +1 +20 +1 
533 2 2 536 4 4 +3 +2 +2 
624 5 0 623 6 0 −1 +1 0 
662 0 3 665 5 6 +2 +5 +3 
703 2 11 705 4 36 +2 +2 +25 
736 0 91 740 4 75 +4 +3 −16 
837 1 4 837 5 7 0 +4 +3 
871 0 0 873 0 0 +2 0 0 
892 13 37 900 11 76 +9 −2 +39 
977 0 3 979 4 2 +2 +4 −1 
1010 0 0 1013 0 0 +3 0 0 
1021 0 0 1038 0 0 +17 0 0 
1024 23 0 1024 29 0 0 +6 0 
1056 21 6 1056 32 7 +1 +11 +1 
1106 0 7 1112 0 7 +5 0 0 
1143 34 25 1144 101 55 +1 +67 +29 
1179 5 1 1180 8 2 +1 +2 0 
1199 8 1 1203 8 6 +4 0 +5 
1337 0 1 1342 2 5 +5 +2 +4 
1342 1 13 1344 3 12 +2 +2 −1 
1460 111 255 1452 835 541 −9 +724 +285 
1503 0 0 1504 6 3 0 +6 +2 
1525 1 8 1524 9 10 −1 +8 +2 
 
Table A-1. Harmonic vibrational frequencies (ω in cm−1), Raman scattering activities 
(RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated NB as well as the 
corresponding changes upon complexation (Δω, ΔRA, and ΔIR) in nitro edge 
conformation calculated at the M06-2X/aVTZ level of theory. 
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1654 15 191 1636 34 166 −18 +19 −25 
1662 51 1 1660 156 3 −2 +105 +2 
1706 1 156 1695 3 51 −11 +2 −104 
3209 50 1 3212 52 0 +3 +2 0 
3223 79 5 3225 103 3 +3 +23 −2 
3230 151 3 3232 208 2 +2 +56 −1 
3252 8 2 3252 12 4 0 +3 +1 
3252 165 6 3253 157 7 0 −8 +1 
Nitro Edge (C1) 
Ebind = −7.89 
ΔE = 0.00 
R = 2.55 
 
 
Table A-1. Continued  
 
Figure A-1. NB/Ag2 nitro edge conformation. Binding energy (Ebind in kcal mol
−1), 
relative binding energy (ΔE in kcal mol−1), and intermolecular distance (R in Å) 
calculated at the M06-2X/aVTZ level of theory. Point group indicated in parentheses. 
35 
 
 
NB (Isolated) NB/Ag2 Nitro Face Differences 
ω RA IR ω RA IR Δω ΔRA ΔIR 
   13 10 1    
   20 8 0    
   24 2 0    
   53 2 0    
   118 5 13    
   164 90 7    
56 0 0 72 14 0 +16 +14 0 
173 2 1 185 43 9 +12 +42 +8 
265 0 1 266 10 2 +2 +10 +1 
405 4 2 405 16 1 0 +12 −1 
412 0 0 420 1 0 +7 +1 0 
444 0 1 442 60 5 −2 +60 +5 
533 2 2 540 5 3 +8 +3 +2 
624 5 0 623 9 0 −1 +4 0 
662 0 3 689 10 11 +27 +10 +8 
703 2 11 702 31 10 0 +29 −1 
736 0 91 738 144 69 +2 +144 −22 
837 1 4 836 37 11 0 +36 +7 
871 0 0 870 58 1 −1 +58 +1 
892 13 37 889 66 24 −2 +54 −13 
977 0 3 979 39 5 +1 +39 +3 
1010 0 0 1017 33 0 +7 +33 0 
1021 0 0 1039 6 0 +18 +6 0 
1024 23 0 1023 42 0 −1 +19 0 
1056 21 6 1057 27 4 +1 +6 −2 
1106 0 7 1114 10 6 +8 +10 −1 
1143 34 25 1146 216 25 +4 +182 0 
1179 5 1 1181 12 3 +2 +6 +2 
1199 8 1 1202 18 6 +3 +11 +5 
1337 0 1 1342 28 1 +6 +28 −1 
1342 1 13 1345 35 28 +2 +34 +15 
1460 111 255 1429 2966 206 −31 +2854 −49 
1503 0 0 1504 12 5 +1 +11 +5 
1525 1 8 1524 48 12 −1 +47 +4 
 
Table A-2. Harmonic vibrational frequencies (ω in cm−1), Raman scattering activities 
(RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated NB as well as the 
corresponding changes upon complexation (Δω, ΔRA, and ΔIR) in nitro face 
conformation calculated at the M06-2X/aVTZ level of theory. 
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1654 15 191 1642 25 446 −12 +10 +255 
1662 51 1 1660 52 4 −2 +1 +3 
1706 1 156 1695 32 230 −11 +31 +74 
3209 50 1 3211 53 1 +2 +3 0 
3223 79 5 3224 85 3 +2 +5 −3 
3230 151 3 3230 87 3 0 −64 0 
3252 8 2 3239 108 1 −13 +100 −1 
3252 165 6 3249 110 4 −3 −54 −3 
Nitro Face (C1) 
Ebind = −7.64 
ΔE = 0.63 
R = 2.50 
 
 
Table A-2. Continued.   
 
Figure A-2. NB/Ag2 nitro face conformation. Binding energy (Ebind in kcal mol
−1), 
relative binding energy (ΔE in kcal mol−1), and intermolecular distance (R in Å) 
calculated at the M06-2X/aVTZ level of theory.  Point group indicated in parentheses. 
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NB (Isolated) NB/Ag2 Nitro Double Differences 
ω RA IR ω RA IR Δω ΔRA ΔIR 
   13 3 0    
   23 17 1    
   31 3 0    
   37 14 0    
   55 174 3    
   144 44 0    
56 0 0 134 3 12 +78 +3 +12 
173 2 1 183 53 3 +10 +51 +2 
265 0 1 273 0 1 +8 0 0 
405 4 2 414 5 4 +9 +2 +2 
412 0 0 418 0 0 +6 0 0 
444 0 1 453 84 24 +9 +84 +23 
533 2 2 538 1 0 +5 −1 −1 
624 5 0 625 3 0 +1 −1 0 
662 0 3 690 64 49 +28 +64 +46 
703 2 11 703 53 21 0 +51 +10 
736 0 91 722 196 12 −14 +196 −79 
837 1 4 819 112 113 −17 +111 +109 
871 0 0 869 0 1 −2 0 +1 
892 13 37 883 7 12 −8 −6 −25 
977 0 3 974 11 7 −3 +11 +5 
1010 0 0 1016 0 0 +6 0 0 
1021 0 0 1035 1 0 +14 +1 0 
1024 23 0 1024 75 0 −1 +52 0 
1056 21 6 1057 25 7 +2 +4 +1 
1106 0 7 1112 0 7 +5 0 0 
1143 34 25 1153 503 9 +10 +468 −17 
1179 5 1 1179 11 1 +1 +5 −1 
1199 8 1 1204 19 7 +5 +12 +6 
1337 0 1 1341 1 1 +5 0 0 
1342 1 13 1345 18 5 +3 +17 −8 
1460 111 255 1368 6790 276 −92 +6679 +21 
1503 0 0 1500 3 3 −3 +3 +2 
1525 1 8 1525 93 25 0 +92 +17 
 
Table A-3. Harmonic vibrational frequencies (ω in cm−1), Raman scattering activities 
(RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated NB as well as the 
corresponding changes upon complexation (Δω, ΔRA, and ΔIR) in nitro double 
conformation calculated at the M06-2X/aVTZ level of theory. 
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1654 15 191 1600 1 35 −54 −13 −156 
1662 51 1 1661 377 3 −1 +327 +1 
1706 1 156 1682 3 0 −23 +2 −155 
3209 50 1 3208 45 0 −1 −5 0 
3223 79 5 3222 98 5 0 +18 0 
3230 151 3 3229 214 5 −1 +63 +2 
3252 8 2 3252 6 1 0 −3 −1 
3252 165 6 3252 110 3 0 −55 −3 
Nitro Double (Cs) 
Ebind = −5.27 
ΔE = 2.37 
R = 2.73 
 
 
Table A-3. Continued.   
 
Figure A-3. NB/Ag2 nitro double conformation. Binding energy (Ebind in kcal mol
−1), 
relative binding energy (ΔE in kcal mol−1), and intermolecular distance (R in Å) 
calculated at the M06-2X/aVTZ level of theory. Point group indicated in parentheses. 
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DNB (Isolated) DNB/Ag2 Bridge Differences 
ω RA IR ω RA IR Δω ΔRA ΔIR 
   14 2 0    
   21 8 0    
   31 4 2    
   41 7 1    
   54 10 3    
   181 13 4    
48 1 0 84 15 6 +36 +14 +6 
54 0 2 84 73 1 +31 +72 0 
157 1 3 147 63 0 −10 +62 −3 
166 0 4 171 5 3 +5 +5 −1 
196 2 0 199 12 0 +3 +10 0 
310 0 0 314 13 0 +4 +12 0 
360 7 1 363 8 2 +3 +1 +1 
414 1 3 416 27 0 +2 +26 −2 
428 0 0 444 11 3 +16 +11 +3 
481 0 0 482 77 1 +1 +77 +1 
523 4 5 523 57 21 0 +52 +16 
573 0 1 576 0 2 +3 0 +1 
659 0 4 675 9 11 +15 +9 +7 
668 5 3 667 7 6 −1 +2 +3 
755 0 51 750 142 11 −5 +142 −40 
757 0 72 753 165 36 −4 +165 −35 
816 1 0 811 80 2 −5 +79 +2 
853 0 7 851 86 16 −2 +85 +9 
878 14 20 873 33 12 −5 +19 −7 
945 3 28 947 0 21 +2 −2 −7 
971 0 9 946 210 6 −26 +210 −4 
987 0 0 991 2 1 +4 +2 +1 
1024 0 0 1036 1 0 +12 +1 0 
1025 29 0 1023 78 2 −1 +49 +2 
1094 0 59 1106 14 36 +12 +14 −23 
1114 2 18 1117 1 20 +3 −1 +2 
 
Table A-4. Harmonic vibrational frequencies (ω in cm−1), Raman scattering activities 
(RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated DNB as well as the 
corresponding changes upon complexation (Δω, ΔRA, and ΔIR) in bridge conformation 
calculated at the M06-2X/aVTZ level of theory. 
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1294 0 1 1300 7 2 +5 +7 +1 
1356 1 11 1356 363 82 0 +362 +71 
1458 18 377 1426 1489 324 −32 +1471 −53 
1466 147 87 1430 3326 62 −36 +3179 −25 
1490 9 0 1484 49 7 −7 +41 +7 
1517 1 2 1515 107 5 −2 +106 +3 
1659 28 220 1642 247 269 −17 +219 +49 
1661 49 35 1646 5 191 −15 −44 +156 
1701 1 132 1679 53 304 −22 +52 +172 
1720 3 283 1706 18 277 −14 +15 −6 
3230 69 1 3230 80 1 0 +12 0 
3251 35 14 3250 62 10 −1 +27 −4 
3254 143 1 3253 148 1 −1 +5 0 
3264 34 26 3265 34 5 0 0 −21 
Table A-4. Continued.   
 
Bridge (Cs) 
Ebind = −6.80 
ΔE = 0.00 
R = 2.81 
 
 Figure A-4. DNB/Ag2 bridge conformation. Binding energy (Ebind in kcal mol
−1), 
relative binding energy (ΔE in kcal mol−1), and intermolecular distance (R in Å) 
calculated at the M06-2X/aVTZ level of theory. Point group indicated in parentheses.  
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DNB (Isolated) DNB/Ag2 Nitro Edge Differences 
ω RA IR ω RA IR Δω ΔRA ΔIR 
   9 4 1    
   14 9 1    
   23 3 0    
   37 7 1    
   77 53 4    
   162 2 11    
48 1 0 53 41 1 +5 +40 +1 
54 0 2 59 36 2 +5 +36 0 
157 1 3 157 394 0 0 +394 −3 
166 0 4 176 188 4 +10 +188 +1 
196 2 0 199 13 4 +3 +11 +4 
310 0 0 313 24 1 +3 +24 +1 
360 7 1 364 100 2 +3 +93 +1 
414 1 3 418 90 5 +4 +89 +2 
428 0 0 428 6 1 0 +6 0 
481 0 0 482 32 3 +1 +32 +3 
523 4 5 525 84 7 +2 +80 +2 
573 0 1 573 2 0 0 +2 −1 
659 0 4 660 13 4 +1 +13 0 
668 5 3 669 6 6 0 +2 +3 
755 0 51 756 30 92 +1 +30 +41 
757 0 72 755 136 60 −2 +136 −11 
816 1 0 813 252 2 −4 +250 +2 
853 0 7 852 81 10 −1 +81 +3 
878 14 20 880 101 20 +2 +87 +1 
945 3 28 949 231 28 +4 +229 0 
971 0 9 968 52 12 −4 +52 +3 
987 0 0 989 48 1 +2 +48 +1 
1024 0 0 1028 0 0 +4 0 0 
1025 29 0 1025 93 0 0 +65 0 
1094 0 59 1098 412 64 +4 +411 +5 
1114 2 18 1117 9 20 +2 +6 +2 
1180 5 7 1182 22 13 +1 +17 +5 
1189 42 6 1188 1538 3 0 +1496 −2 
 
Table A-5. Harmonic vibrational frequencies (ω in cm−1), Raman scattering activities 
(RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated DNB as well as the 
corresponding changes upon complexation (Δω, ΔRA, and ΔIR) in nitro edge 
conformation calculated at the M06-2X/aVTZ level of theory. 
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1294 0 1 1296 4 3 +2 +4 +2 
1356 1 11 1356 65 9 0 +64 −2 
1458 18 377 1428 45670 54 −30 +45652 -323 
1466 147 87 1463 1724 248 −3 +1577 +162 
1490 9 0 1490 169 4 −1 +160 +4 
1517 1 2 1515 713 12 −2 +712 +10 
1659 28 220 1641 154 197 −18 +125 −23 
1661 49 35 1659 1182 92 −1 +1133 +57 
1701 1 132 1688 208 39 −13 +207 −94 
1720 3 283 1716 232 242 −4 +229 −41 
3230 69 1 3231 164 2 +1 +95 0 
3251 35 14 3250 38 16 −1 +4 +1 
3254 143 1 3254 74 5 0 −70 +4 
3264 34 26 3263 38 22 −1 +4 −4 
Nitro Edge (C1) 
Ebind = −6.43 
ΔE = 0.37 
R = 2.56 
 
 
Figure A-5. DNB/Ag2 nitro edge conformation. Binding energy (Ebind in kcal mol
−1), 
relative binding energy (ΔE in kcal mol−1), and intermolecular distance (R in Å) 
calculated at the M06-2X/aVTZ level of theory. Point group indicated in parentheses. 
Table A-5. Continued.   
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DNB (Isolated) DNB/Ag2 Nitro Face Differences 
ω RA IR ω RA IR Δω ΔRA ΔIR 
   9 8 0    
   17 7 1    
   20 4 0    
   42 4 1    
   116 9 11    
   162 79 3    
48 1 0 53 1 1 +5 0 +1 
54 0 2 61 12 0 +7 +11 −1 
157 1 3 157 15 0 +1 +14 −3 
166 0 4 175 114 14 +9 +114 +10 
196 2 0 208 8 1 +12 +6 +1 
310 0 0 311 8 0 +1 +8 0 
360 7 1 361 18 1 +1 +12 0 
414 1 3 415 22 2 +1 +20 0 
428 0 0 434 12 1 +6 +12 +1 
481 0 0 480 118 6 −1 +118 +6 
523 4 5 528 8 6 +4 +4 +1 
573 0 1 575 3 2 +2 +3 +1 
659 0 4 675 3 9 +15 +3 +5 
668 5 3 668 31 2 −1 +27 −1 
755 0 51 752 213 49 −4 +213 −1 
757 0 72 756 73 58 −1 +73 −13 
816 1 0 815 109 2 −2 +108 +2 
853 0 7 850 47 8 −3 +47 +2 
878 14 20 876 34 20 −2 +20 0 
945 3 28 946 8 22 0 +6 −6 
971 0 9 973 1 10 +2 +1 +1 
987 0 0 984 196 0 −3 +196 0 
1024 0 0 1035 49 0 +11 +49 0 
1025 29 0 1024 108 0 −1 +80 0 
1094 0 59 1099 47 52 +5 +46 −7 
1114 2 18 1119 2 11 +5 0 −6 
1180 5 7 1183 157 26 +2 +152 +19 
1189 42 6 1188 407 12 0 +365 +6 
 
Table A-6. Harmonic vibrational frequencies (ω in cm−1), Raman scattering activities 
(RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated DNB as well as the 
corresponding changes upon complexation (Δω, ΔRA, and ΔIR) in nitro face 
conformation  calculated at the M06-2X/aVTZ level of theory. 
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1294 0 1 1297 30 1 +3 +30 0 
1356 1 11 1357 119 24 +1 +117 +13 
1458 18 377 1427 4888 189 −31 +4870 −188 
1466 147 87 1461 724 277 −5 +578 +190 
1490 9 0 1489 209 12 −1 +201 +12 
1517 1 2 1515 29 7 −3 +28 +5 
1659 28 220 1647 168 312 −12 +140 +92 
1661 49 35 1658 76 94 −3 +27 +59 
1701 1 132 1692 70 220 −9 +69 +88 
1720 3 283 1714 78 335 −6 +74 +52 
3230 69 1 3230 40 1 +1 −29 0 
3251 35 14 3244 30 2 −7 −5 −12 
3254 143 1 3253 88 8 −1 −55 +7 
3264 34 26 3262 34 28 −2 0 +2 
Table A-6. Continued.   
 
Nitro Face (C1) 
Ebind = −6.34 
ΔE = 0.46 
R = 2.53 
 
 
Figure A-6. DNB/Ag2 nitro face conformation. Binding energy (Ebind in kcal mol
−1), 
relative binding energy (ΔE in kcal mol−1), and intermolecular distance (R in Å) 
calculated at the M06-2X/aVTZ level of theory. Point group indicated in parentheses. 
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DNB (Isolated) DNB/Ag2 Nitro Double Differences 
ω RA IR ω RA IR Δω ΔRA ΔIR 
   16 4 0    
   17 8 0    
   27 8 2    
   54 18 0    
   142 40 0    
   166 22 0    
48 1 0 50 15 4 +2 +15 +4 
54 0 2 67 159 15 +14 +159 +14 
157 1 3 158 9 6 +1 +9 +3 
166 0 4 179 10 13 +13 +10 +10 
196 2 0 204 24 6 +8 +23 +6 
310 0 0 316 0 0 +6 0 0 
360 7 1 366 3 1 +6 −4 0 
414 1 3 420 8 5 +5 +6 +2 
428 0 0 438 7 7 +10 +7 +7 
481 0 0 491 49 38 +10 +49 +38 
523 4 5 526 6 4 +3 +2 −1 
573 0 1 578 0 0 +6 0 −1 
659 0 4 675 7 36 +16 +7 +32 
668 5 3 667 21 32 −1 +16 +30 
755 0 51 753 14 44 −2 +14 −7 
757 0 72 723 119 92 −34 +119 +21 
816 1 0 796 31 88 −21 +30 +88 
853 0 7 848 6 21 −5 +6 +14 
878 14 20 868 13 15 −10 −1 −5 
945 3 28 948 36 10 +2 +33 −18 
971 0 9 964 25 16 −7 +25 +6 
987 0 0 979 7 1 −8 +7 +1 
1024 0 0 1033 2 0 +9 +2 0 
1025 29 0 1023 175 2 −2 +146 +2 
1094 0 59 1104 146 30 +10 +145 −30 
1114 2 18 1114 6 17 0 +3 0 
1180 5 7 1181 72 4 0 +67 −4 
1189 42 6 1196 365 15 +8 +323 +9 
 
Table A-7. Harmonic vibrational frequencies (ω in cm−1), Raman scattering activities 
(RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated DNB as well as the 
corresponding changes upon complexation (Δω, ΔRA, and ΔIR) in nitro double 
conformation calculated at the M06-2X/aVTZ level of theory. 
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1294 0 1 1297 118 10 +3 +118 +9 
1356 1 11 1359 34 8 +3 +33 −3 
1458 18 377 1319 7011 756 −140 +6993 +379 
1466 147 87 1462 97 260 −4 −50 +173 
1490 9 0 1484 109 15 −7 +100 +14 
1517 1 2 1514 124 29 −3 +123 +27 
1659 28 220 1578 6 28 −81 −23 −192 
1661 49 35 1657 508 163 −3 +459 +128 
1701 1 132 1670 106 7 −31 +104 −125 
1720 3 283 1709 150 164 −11 +147 −119 
3230 69 1 3226 102 3 −4 +34 +2 
3251 35 14 3251 33 9 −1 −1 −5 
3254 143 1 3253 121 5 −1 −22 +5 
3264 34 26 3267 24 16 +2 −10 −10 
Table A-7. Continued.   
 
Nitro Double (C1) 
Ebind = −5.84 
ΔE = 0.96 
R = 2.61 
 
 
Figure A-7. DNB/Ag2 nitro double conformation. Binding energy (Ebind in kcal mol
−1), 
relative binding energy (ΔE in kcal mol−1), and intermolecular distance (R in Å) 
calculated at the M06-2X/aVTZ level of theory.  Point group indicated in parentheses.   
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TNB (Isolated) TNB/Ag2 Bridge Differences 
ω RA IR ω RA IR Δω ΔRA ΔIR 
   13 2 0    
   21 8 0    
   21 4 0    
   41 7 0    
   50 12 0    
   146 76 0    
49 0 0 50 2 0 +2 +1 0 
49 1 0 84 103 0 +34 +102 0 
49 2 0 87 21 5 +37 +20 +5 
114 0 13 121 14 13 +7 +14 0 
158 0 3 159 2 3 +1 +2 0 
158 0 3 165 18 3 +7 +18 0 
207 1 0 212 17 0 +5 +16 0 
208 1 0 229 5 1 +22 +4 +1 
334 0 0 336 5 0 +2 +5 0 
342 9 0 345 5 1 +3 −5 +1 
378 3 2 379 53 0 +1 +49 −2 
379 3 2 379 7 1 0 +4 −1 
483 0 0 485 101 2 +2 +101 +2 
483 0 0 487 8 4 +4 +8 +4 
542 1 7 541 133 36 −1 +132 +30 
542 1 7 544 6 7 +2 +5 0 
626 0 0 630 1 0 +4 +1 0 
653 0 3 659 3 10 +6 +3 +7 
761 0 57 757 43 69 −3 +43 +12 
761 0 57 754 196 9 −7 +196 −47 
766 0 58 762 184 20 −4 +184 −38 
812 1 0 806 77 3 −6 +76 +3 
812 1 0 809 95 7 −3 +94 +7 
870 12 0 865 29 4 −5 +18 +4 
961 4 25 962 25 20 +2 +21 −5 
961 4 25 964 4 23 +3 0 −2 
977 0 19 989 3 14 +11 +3 −5 
985 0 0 993 2 1 +8 +2 +1 
Table A-8. Harmonic vibrational frequencies (ω in cm−1), Raman scattering activities 
(RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated TNB as well as the 
corresponding changes upon complexation (Δω, ΔRA, and ΔIR) in bridge conformation 
calculated at the M06-2X/aVTZ level of theory. 
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988 0 1 937 727 12 −50 +727 +11 
1025 31 0 1023 183 4 −2 +152 +4 
1100 0 72 1108 40 45 +7 +40 −26 
1104 0 71 1101 4 70 −4 +4 −1 
1233 28 0 1230 768 44 −3 +741 +44 
1233 0 0 1238 6 2 +4 +6 +2 
1367 0 0 1366 839 80 −1 +839 +80 
1457 13 319 1425 3738 93 −32 +3725 −226 
1457 13 320 1422 1838 300 −35 +1825 −19 
1470 168 0 1456 1872 394 −15 +1704 +394 
1491 4 2 1487 205 17 −4 +201 +15 
1492 4 2 1482 73 1 −10 +69 −1 
1665 45 156 1649 56 224 −15 +11 +67 
1665 46 155 1645 1513 125 −20 +1467 −30 
1697 0 0 1672 48 113 −25 +48 +113 
1725 1 325 1716 93 430 −9 +93 +104 
1725 1 328 1707 170 395 −19 +169 +66 
3259 12 53 3260 52 40 +1 +40 -13 
3259 38 35 3260 31 24 +1 −6 −11 
3260 62 17 3263 228 4 +3 +167 −13 
 
 
 
 
 
 
 
Table A-8. Continued.   
 
Bridge (Cs) 
Ebind = −7.24 
ΔE = 0.00 
R = 2.80 
 
 Figure A-8. TNB/Ag2 bridge conformation. Binding energy (Ebind in kcal mol
−1), 
relative binding energy (ΔE in kcal mol−1), and intermolecular distance (R in Å) 
calculated at the M06-2X/aVTZ level of theory. Point group indicated in parentheses. 
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TNB (Isolated) TNB/Ag2 Nitro Double Differences 
ω RA IR ω RA IR Δω ΔRA ΔIR 
   10 3 0    
   19 4 0    
   21 22 0    
   68 20 0    
   149 49 12    
   202 2 4    
49 0 0 48 0 0 0 0 0 
49 1 0 47 3 1 −2 +2 +1 
49 2 0 85 32 45 +35 +30 +45 
114 0 13 127 42 5 +13 +42 −8 
158 0 3 162 0 1 +5 0 −2 
158 0 3 160 6 5 +2 +6 +2 
207 1 0 223 0 14 +15 −1 +14 
208 1 0 223 13 17 +16 +12 +17 
334 0 0 338 1 0 +5 +1 0 
342 9 0 348 4 1 +6 −5 +1 
378 3 2 380 1 1 +2 −2 0 
379 3 2 387 16 4 +8 +13 +3 
483 0 0 488 1 0 +5 +1 0 
483 0 0 499 20 78 +16 +20 +78 
542 1 7 542 2 6 +1 +1 −1 
542 1 7 545 5 2 +3 +3 −5 
626 0 0 634 1 0 +8 +1 0 
653 0 3 652 136 103 −1 +136 +100 
761 0 57 747 48 49 −14 +48 −8 
761 0 57 761 0 54 0 0 −3 
766 0 58 701 314 116 −65 +314 +58 
812 1 0 813 0 0 +1 −1 0 
812 1 0 786 42 59 −26 +41 +59 
870 12 0 856 22 24 −14 +11 +24 
961 4 25 970 12 1 +9 +8 −24 
961 4 25 961 3 23 0 −1 −2 
977 0 19 974 4 7 −4 +4 −12 
985 0 0 974 2 0 −10 +2 0 
Table A-9. Harmonic vibrational frequencies (ω in cm−1), Raman scattering activities 
(RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated TNB as well as the 
corresponding changes upon complexation (Δω, ΔRA, and ΔIR) in nitro double 
conformation calculated at the M06-2X/aVTZ level of theory. 
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988 0 1 958 95 16 −30 +95 +15 
1025 31 0 1021 264 14 −4 +233 +14 
1100 0 72 1103 1 65 +3 +1 −7 
1104 0 71 1105 195 18 +1 +195 −53 
1233 28 0 1223 286 259 −10 +258 +259 
1233 0 0 1236 1 1 +3 +1 1 
1367 0 0 1374 49 7 +7 +49 +7 
1457 13 319 1465 188 234 +8 +175 −85 
1457 13 320 1457 13 285 0 0 −35 
1470 168 0 1281 3525 1268 −189 +3357 +1268 
1491 4 2 1476 54 25 −15 +51 +23 
1492 4 2 1487 192 57 −5 +188 +55 
1665 45 156 1658 12 28 −7 −34 −128 
1665 46 155 1659 853 332 −6 +807 +177 
1697 0 0 1529 2 19 −168 +2 +19 
1725 1 325 1702 2 96 −23 +1 −229 
1725 1 328 1720 273 226 −5 +272 −102 
3259 12 53 3269 8 34 +10 −4 −19 
3259 38 35 3268 53 5 +9 +16 −30 
3260 62 17 3265 31 62 +5 −31 +45 
 
 
 
 
 
 
 
Table A-9. Continued.   
 
Figure A-9. TNB/Ag2 nitro double conformation. Binding energy (Ebind in kcal mol
−1), 
relative binding energy (ΔE in kcal mol−1), and intermolecular distance (R in Å) 
calculated at the M06-2X/aVTZ level of theory. Point group indicated in parentheses. 
Nitro Double (Cs) 
Ebind = −7.12 
ΔE = 0.12 
R = 2.45 
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TNB (Isolated) TNB/Ag2 Nitro Edge Differences 
ω RA IR ω RA IR Δω ΔRA ΔIR 
   8 8 0    
   12 11 0    
   23 3 0    
   34 1 0    
   85 132 1    
   155 417 1    
49 0 0 49 1 0 0 +1 0 
49 1 0 49 21 0 0 +20 0 
49 2 0 58 134 0 +8 +133 0 
114 0 13 123 34 21 +9 +34 +8 
158 0 3 159 96 3 +2 +96 0 
158 0 3 166 437 3 +8 +437 0 
207 1 0 213 19 4 +5 +18 +4 
208 1 0 208 1 0 +1 0 0 
334 0 0 335 11 0 +2 +11 0 
342 9 0 346 181 0 +4 +172 0 
378 3 2 384 132 2 +5 +129 +1 
379 3 2 379 6 2 0 +3 0 
483 0 0 487 10 1 +4 +10 +1 
483 0 0 484 0 0 +1 0 0 
542 1 7 543 77 7 +1 +76 0 
542 1 7 542 22 5 0 +20 −2 
626 0 0 628 8 0 +1 +8 0 
653 0 3 655 2 2 +2 +2 −1 
761 0 57 761 474 97 0 +474 +41 
761 0 57 761 62 56 0 +62 −1 
766 0 58 763 16 69 −3 +16 +11 
812 1 0 804 452 12 −8 +451 +12 
812 1 0 812 1 0 0 0 0 
870 12 0 870 472 4 0 +460 +4 
961 4 25 961 4 25 0 0 −1 
961 4 25 966 1002 7 +5 +998 −18 
977 0 19 979 66 26 +2 +66 +7 
985 0 0 988 56 1 +3 +56 +1 
 
Table A-10. Harmonic vibrational frequencies (ω in cm−1), Raman scattering activities 
(RA in Å4 amu−1), infrared intensities (IR in km mol−1) for isolated TNB as well as the 
corresponding changes upon complexation (Δω, ΔRA, and ΔIR) in nitro edge 
conformation calculated at the M06-2X/aVTZ level of theory. 
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988 0 1 986 0 1 −2 0 0 
1025 31 0 1025 291 0 0 +260 0 
1100 0 72 1104 1494 58 +4 +1494 −14 
1104 0 71 1103 84 69 −1 +84 −2 
1233 28 0 1232 3132 13 0 +3105 +13 
1233 0 0 1236 61 0 +3 +61 0 
1367 0 0 1367 232 0 0 +232 0 
1457 13 319 1457 55 306 0 +42 −13 
1457 13 320 1405 88543 127 -52 +88530 −193 
1470 168 0 1465 3027 238 −5 +2859 +238 
1491 4 2 1488 1695 15 −3 +1692 +13 
1492 4 2 1491 129 3 −1 +126 +1 
1665 45 156 1664 3499 238 −1 +3454 +82 
1665 46 155 1647 278 199 −18 +232 +44 
1697 0 0 1684 3 5 −13 +3 +5 
1725 1 325 1726 1304 271 +1 +1303 −54 
1725 1 328 1715 5 190 −10 +4 −139 
3259 12 53 3257 122 33 −2 +110 −21 
3259 38 35 3259 163 67 0 +126 +32 
3260 62 17 3260 179 23 0 +117 +6 
Table A-10. Continued.   
 
Nitro Edge (C1) 
Ebind = −5.72 
ΔE = 1.52 
R = 2.56 
 
 Figure A-10. TNB/Ag2 nitro edge conformation. Binding energy (Ebind in kcal mol
−1), 
relative binding energy (ΔE in kcal mol−1), and intermolecular distance (R in Å) 
calculated at the M06-2X/aVTZ level of theory. Point group indicated in parentheses. 
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NB (Isolated) 
Atom x y z 
C -1.19684 0.69098 0.00000 
C -1.20217 -0.69788 0.00000 
C -0.00643 -1.39828 0.00000 
C 1.17405 -0.67782 0.00000 
C 1.20771 0.70473 0.00000 
C 0.00327 1.39004 0.00000 
H -2.13324 1.23160 0.00000 
H 0.02642 -2.47677 0.00000 
H 2.15813 1.21555 0.00000 
N 2.45296 -1.41619 0.00000 
O 3.47420 -0.76637 0.00000 
O 2.40085 -2.62552 0.00000 
H 0.00266 2.47066 0.00000 
H -2.13830 -1.23768 0.00000 
 
 
 
 
 
 
 
 
 
Table A-11. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of NB 
(isolated).  
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NB/Ag2 (Nitro Edge) 
Atom x y z 
C -1.30548 0.73736 0.06775 
C -1.33046 -0.62395 -0.20832 
C -0.14906 -1.34493 -0.25638 
C 1.03603 -0.66933 -0.02291 
C 1.09075 0.68544 0.25434 
C -0.10098 1.38984 0.29816 
H -2.23174 1.29385 0.10362 
H -0.13219 -2.40295 -0.46792 
H 2.04338 1.16104 0.42874 
N 2.29227 -1.42822 -0.07310 
O 3.33043 -0.82186 0.13333 
O 2.24230 -2.61088 -0.31331 
H -0.08840 2.44872 0.51247 
H -2.27066 -1.12556 -0.38646 
Ag 5.17767 -2.57265 0.10575 
Ag 7.41000 -4.01209 0.28369 
 
 
 
 
 
 
 
 
Table A-12. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of 
NB/Ag2 (Nitro Edge). 
 
55 
 
NB/Ag2 (Nitro Face) 
Atom x y z 
C -1.04670 0.58147 -1.86158 
C -1.13527 -0.76886 -2.17842 
C 0.01402 -1.53123 -2.29910 
C 1.23445 -0.91292 -2.08801 
C 1.35060 0.43067 -1.77315 
C 0.18979 1.17977 -1.66254 
H -1.94843 1.17077 -1.76929 
H -0.01888 -2.58193 -2.54311 
H 2.32422 0.87706 -1.63666 
N 2.45209 -1.72709 -2.18873 
O 3.49808 -1.23838 -1.77974 
O 2.36364 -2.83343 -2.65649 
H 0.25472 2.23020 -1.41863 
H -2.10090 -1.22946 -2.32944 
Ag 3.59443 -0.39913 0.56929 
Ag 3.43351 0.55195 3.04766 
 
 
 
 
 
 
 
 
Table A-13. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of 
NB/Ag2 (Nitro Face).  
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NB/Ag2 (Nitro Double) 
Atom x y z 
C -1.56437 0.36803 -0.23703 
C -1.28918 -0.97899 -0.41348 
C -0.00571 -1.49418 -0.32056 
C 1.03644 -0.62142 -0.05475 
C 0.78596 0.73411 0.11635 
C -0.51001 1.22621 0.02813 
H -2.58230 0.71822 -0.30976 
H 0.15515 -2.55237 -0.45647 
H 1.60430 1.40977 0.32338 
N -2.39247 -1.89170 -0.65286 
O -2.14805 -3.08858 -0.71427 
O -3.52869 -1.43905 -0.64027 
H -0.70116 2.28049 0.16877 
H 2.04537 -1.00095 0.02157 
Ag -2.65294 -3.98808 1.81540 
Ag -4.39091 -1.91163 1.90854 
 
 
 
 
 
 
 
Table A-14. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of 
NB/Ag2 (Nitro Double).  
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DNB (Isolated) 
Atom x y z 
C 0.00000 0.00000 -2.23210 
C 0.00000 -1.20247 -1.54160 
C 0.00000 -1.17402 -0.15835 
C 0.00000 0.00000 0.56746 
C 0.00000 1.17402 -0.15835 
C 0.00000 1.20247 -1.54160 
H 0.00000 0.00000 -3.31210 
H 0.00000 -2.15367 -2.05153 
H 0.00000 0.00000 1.64601 
H 0.00000 2.15367 -2.05153 
N 0.00000 -2.45517 0.58003 
O 0.00000 -2.39919 1.78677 
O 0.00000 -3.47091 -0.07621 
N 0.00000 2.45517 0.58003 
O 0.00000 3.47091 -0.07621 
O 0.00000 2.39919 1.78677 
 
 
 
 
 
 
 
Table A-15. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of 
DNB (isolated).  
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DNB/Ag2 (Bridge) 
Atom x y z 
C 0.17520 -0.00542 -2.20263 
C 0.06207 -1.21075 -1.52675 
C -0.15762 -1.19180 -0.16055 
C -0.26889 -0.01950 0.56605 
C -0.14075 1.16005 -0.14589 
C 0.07931 1.19289 -1.51176 
H 0.34811 -0.00001 -3.26853 
H 0.14641 -2.15898 -2.03549 
H -0.45615 -0.02477 1.62768 
H 0.17730 2.14608 -2.00864 
N -0.23157 -2.47066 0.55862 
O -0.37605 -2.42240 1.76547 
O -0.11356 -3.48813 -0.08458 
N -0.19640 2.43077 0.58919 
O -0.06374 3.45439 -0.04129 
O -0.34167 2.36955 1.79535 
Ag 1.83183 1.28986 3.21481 
Ag 1.81258 -1.39179 3.19809 
 
 
 
 
 
 
Table A-16. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of 
DNB/Ag2 (Bridge). 
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DNB/Ag2 (Nitro Edge) 
Atom x y z 
C 0.16117 0.03178 -2.26109 
C -0.05562 -1.16771 -1.60195 
C -0.21998 -1.14755 -0.22699 
C -0.17882 0.01379 0.51979 
C 0.03803 1.18448 -0.17730 
C 0.20920 1.22168 -1.54972 
H 0.29345 0.03974 -3.33283 
H -0.09737 -2.10855 -2.12931 
H -0.30827 0.00916 1.59059 
H 0.37572 2.17069 -2.03626 
N -0.45069 -2.41895 0.47086 
O -0.58045 -2.38230 1.68250 
O -0.48502 -3.43242 -0.18556 
N 0.08756 2.45315 0.58204 
O 0.28262 3.46538 -0.04909 
O -0.07104 2.38800 1.77748 
Ag 0.15351 -4.69802 2.47971 
Ag 1.51798 -6.73237 3.52150 
 
 
 
 
 
 
Table A-17. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of 
DNB/Ag2 (Nitro Edge).  
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DNB/Ag2 (Nitro Face) 
Atom x y z 
C -0.56296 -0.24333 -1.96250 
C -0.32678 -1.35342 -1.16475 
C 0.09613 -1.15506 0.13978 
C 0.29580 0.10033 0.68106 
C 0.04622 1.17528 -0.14576 
C -0.37925 1.03308 -1.45576 
H -0.89404 -0.37756 -2.98150 
H -0.45314 -2.35542 -1.54639 
H 0.62499 0.23522 1.69940 
H -0.55787 1.91455 -2.05248 
N 0.32456 -2.32230 1.00392 
O 0.82832 -2.14116 2.08142 
O -0.02686 -3.41323 0.57728 
N 0.24272 2.53666 0.39637 
O 0.02286 3.46356 -0.34795 
O 0.61006 2.62796 1.54364 
Ag -4.95196 -3.46711 -0.91969 
Ag -2.45944 -3.72426 -0.02920 
 
 
 
 
 
 
Table A-18. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of 
DNB/Ag2 (Nitro Face).  
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DNB/Ag2 (Nitro Double) 
Atom x y z 
C -0.42311442 0.57357979 -2.54186755 
C -0.39402863 -0.65055686 -1.89371907 
C -0.31442405 -0.67537880 -0.50749352 
C -0.28285220 0.48276595 0.25190649 
C -0.31546901 1.67881771 -0.43471417 
C -0.38110649 1.75433447 -1.81481326 
H -0.48223691 0.60902998 -3.61977032 
H -0.42898518 -1.58248626 -2.43660237 
H -0.23158741 0.45088696 1.32832578 
H -0.40218908 2.72134250 -2.29325462 
N -0.33219922 -1.94499523 0.17318686 
O -0.36806641 -1.94265637 1.40235365 
O -0.51592662 -2.95931757 -0.49950496 
N -0.28257977 2.93450242 0.34516601 
O -0.30789614 3.97247152 -0.27523629 
O -0.23269507 2.83994353 1.54900122 
Ag -2.87944570 -2.12408830 2.07064720 
Ag -3.06273573 -3.48258939 -0.29465226 
 
 
 
 
 
 
Table A-19. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of 
DNB/Ag2 (Nitro Double).  
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TNB (Isolated) 
Atom x y z 
C -1.21378 0.70075 0.00000 
C -1.17761 -0.67990 0.00000 
C -0.00003 -1.40154 0.00000 
C 1.17758 -0.67988 0.00000 
C 1.21373 0.70075 0.00000 
C 0.00000 1.35975 0.00000 
H -2.14833 1.24036 0.00000 
H 0.00002 -2.48068 0.00000 
H 2.14833 1.24034 0.00000 
N 2.45979 -1.42011 0.00000 
O 3.47178 -0.76209 0.00000 
O 2.39606 -2.62554 0.00000 
N 0.00004 2.84029 0.00000 
O 1.07590 3.38769 0.00000 
O -1.07575 3.38782 0.00000 
N -2.45983 -1.42018 0.00000 
O -2.39604 -2.62560 0.00000 
O -3.47186 -0.76223 0.00000 
 
 
 
 
 
 
Table A-20. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of TNB 
(isolated).  
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TNB/Ag2 (Bridge) 
Atom x y z 
C -1.62970 0.42129 -0.11013 
C -1.25114 -0.89275 0.08685 
C 0.06428 -1.27449 0.26777 
C 1.02046 -0.27900 0.23596 
C 0.71264 1.05786 0.03707 
C -0.62726 1.37046 -0.13162 
H -2.66597 0.69454 -0.23745 
H 0.33238 -2.30700 0.43143 
H 1.47965 1.81437 -0.00637 
N 2.42225 -0.65152 0.47053 
O 3.23640 0.25192 0.47893 
O 2.66876 -1.81653 0.67298 
N -1.00629 2.78067 -0.29432 
O -0.10600 3.59788 -0.26670 
O -2.18083 3.03823 -0.40888 
N -2.29950 -1.93421 0.11275 
O -1.93766 -3.07284 0.28923 
O -3.43973 -1.56917 -0.04586 
Ag 1.12145 3.87667 2.23437 
Ag 2.99569 2.00050 2.65244 
 
 
 
 
 
Table A-21. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of 
TNB/Ag2 (Bridge). 
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TNB/Ag2 (Nitro Double) 
Atom x y z 
C -1.58050 0.35360 -0.22963 
C -1.31173 -0.99796 -0.41214 
C -0.02237 -1.50791 -0.31320 
C 0.99707 -0.61602 -0.05172 
C 0.79304 0.73985 0.12091 
C -0.51157 1.18636 0.02920 
H -2.58618 0.73694 -0.29559 
H 0.17359 -2.56019 -0.44359 
H 1.61003 1.41468 0.32140 
N 2.37828 -1.13795 0.05458 
O 3.25383 -0.33605 0.27569 
O 2.53034 -2.32800 -0.08691 
N -0.77554 2.62995 0.22376 
O 0.17765 3.33909 0.44071 
O -1.92495 2.99477 0.15208 
N -2.39355 -1.89388 -0.62592 
O -2.15511 -3.11628 -0.60143 
O -3.55214 -1.44719 -0.52664 
Ag -2.55491 -3.94498 1.66431 
Ag -4.33789 -1.81456 1.75980 
 
 
 
 
 
Table A-22. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of 
TNB/Ag2 (Nitro Double). 
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TNB/Ag2 (Nitro Edge) 
Atom x y z 
C -1.48909 0.42997 -0.10582 
C -1.25576 -0.91992 0.07291 
C 0.00440 -1.44521 0.27568 
C 1.05975 -0.55197 0.29589 
C 0.89755 0.81041 0.12379 
C -0.39009 1.26645 -0.07506 
H -2.48557 0.81395 -0.26216 
H 0.15697 -2.50511 0.41076 
H 1.73724 1.48799 0.14244 
N 2.41287 -1.07739 0.51165 
O 3.32929 -0.27281 0.52915 
O 2.54629 -2.27125 0.63359 
N -0.60245 2.72011 -0.26259 
O 0.37670 3.42476 -0.22603 
O -1.73840 3.08836 -0.43677 
N -2.41054 -1.84682 0.04650 
O -2.17453 -3.01890 0.21119 
O -3.49885 -1.35873 -0.13702 
Ag 5.28660 -1.55578 -0.51476 
Ag 6.89314 -2.49792 -2.41781 
 
 
Table A-23. Cartesian coordinates (in Å) of M06-2X/aVTZ optimized structure of 
TNB/Ag2 (Nitro Edge).  
 
